Obesity is an important factor in pathogenesis of disorders caused by chronic inflammation. Diet-induced obesity leads to dyslipidemia and insulin resistance (Ir) O besity is recognized as an important factor in the pathogenesis of metabolic disorders. Metabolic syndrome which is related to weight gain, specifically intra-abdominal fat accumulation, is a known risk factor for early cardiovascular diseases. The reason for such a dependence is clear from the other name for the metabolic syndrome; it is also known as 'the deadly quartet'
Obesity is an important factor in pathogenesis of disorders caused by chronic inflammation. Diet-induced obesity leads to dyslipidemia and insulin resistance (Ir) that in turn provoke the development of type 2 diabetes and cardiovascular diseases. thus, the aim of this work was to investigate the possible pro-atherogenic effects in the blood coagulation system and aortic wall of rats with obesity-induced IR. The experimental model was induced by a 6-month high-fat diet (hFD) in white rats. Blood samples were collected from 7 control and 14 obese Ir rats. Prothrombin time (Pt) and partial activated thromboplastin time (aPtt) were performed by standard methods using Coagulometer Solar СТ 2410. Fibrinogen concentration in the blood plasma was determined by the modified spectrophotometric method. Levels of protein C (PC), prothrombin and factor X were measured using specific chromogenic substrates and activa ting enzymes from snake venoms. Platelet aggregation was measured and their count determined using aggregometer Solar aP2110. the aorta samples were stained by hematoxylin and eosin according to Ehrlich. Aortic wall thickness was measured using morphometric program Image J. Statistical analysis was performed using Mann-Whitney U test. the haemostasis system was characterized by estimation of the levels of individual coagulation factors, anticoagulant system involvement and platelet reactivity. Pt and aPtt demonstrated that blood coagulation time strongly tended to decrease in obese Ir rats in comparison to the control group. It was also detec ted that 30% of studied obese IR rats had decreased factor X level, 40% had decreased level of prothrombin whereas fibrinogen concentration was slightly increased up to 3 mg/ml in 37% of obese Ir rats. a prominent decrease of anticoagulant PC in blood plasma of obese rats was detected. Obese Ir rats also had increased platelet count and higher rate of platelet aggregation in comparison to control animals. Histological analysis identified the disruption of aorta endothelium and tendency for the thickening of the aorta wall in the group with obesityinduced Ir compared to the group of control rats. Changes of individual coagulation factors were assumed as
O besity is recognized as an important factor in the pathogenesis of metabolic disorders. Metabolic syndrome which is related to weight gain, specifically intra-abdominal fat accumulation, is a known risk factor for early cardiovascular diseases. The reason for such a dependence is clear from the other name for the metabolic syndrome; it is also known as 'the deadly quartet' doi: https://doi.org/10.15407/ubj90.02.014 because it includes obesity, insulin resistance, hypertension, and dyslipidemia. All these factors predispose to serious complications, particularly atherosclerosis and consequent cardiovascular disease [1, 2] .
Atherosclerosis is a disease characterized by plaque formation in the arterial wall [3] . According to 'the response to injury' theory, the earliest event in atherogenesis is injury of the endothelium caused by blood turbulence (for example, during hypertension), direct physical or chemical injury, oxidative stress, etc [4] . Atherosclerotic plaques consist of vascular smooth muscle cells, inflammatory macrophages, foam cells, dysfunctional endothelium, extracellular lipids, collagen and blood proteins [5] . Of course for plaques to form, components of the extracellular matrix, collagen and activated macrophages in the bloodstream have to initiate local blood clotting activation, platelet aggregation and fibrin formation [6] [7] [8] .
The strong dependence of atherogenesis on blood coagulation has been known for many years [9] . Still, in many recent works the role of haemostasis imbalance in atherosclerosis development is omitted [10, 11] despite several reports about the insufficiency of a theory that postulates the exceptional role of cholesterol in atherosclerotic plaque formation [12] [13] [14] .
Haemostasis has an essential role in protecting vascular integrity and maintaining normal blood flow. According to our recent knowledge, the coordination of inflammation and haemostasis and haemostatic response to inflammation are the crucial mechanisms of haemostasis linkage to the pathophysiology of atherogenesis [15] . H. ten Cate and co-authors in several studies demonstrated the co-localisation of early atherosclerotic plaques and functional activity of many coagulation proteins, including factor Xa and mainly thrombin [16] [17] [18] .
The main goal of this work was to investigate the possible proatherogenic effects in the artery wall and blood coagulation system of obese insulin-resistant rats.
Materials and Methods
Blood sampling. Samples of rat blood were collected by heart puncture. 3.8% sodium citrate was added to blood immediately after collection. Plateletrich plasma (PRP) was prepared from citrated blood by centrifugation at 1000 rpm for 30 min. Platelet poor plasma (PPP) was obtained from PRP by centrifugation of PRP for 15 min at 1500 rpm. This study was approved by the Animal Care and Use Committee of the Palladin Institute of Biochemistry, National Academy of Sciences of Ukraine (Protocol N1 from 08/09-2015).
reagents. Chromogenic substrates S2238 (H-D-Phe-Pip-Arg-pNA), S2765 (Z-D-Arg-Gly-ArgpNA) and S2236 (p-Glu-Pro-Arg-pNa) were purchased from BIOPHEN (Neuville-sur-Oise, France), APTT-reagent, thromboplastin and protein C (PC) activator were from Renam (Moscow, Russia). Ecamulin was purified from echis multisquamatis venom according to the method of Solov'yev et al [19] . Factor X activator from Daboia russellii venom (RVV) and ADP were purchased from SigmaAldrich (St. Louis, USA).
animal model. White outbred male rats with body weight 170 ± 4 g were used. Animals were kept in standard cages with free access to food and water in accordance with General Ethical Principles of Experiments on Animals (Ukraine, 2001), which are consistent with the provisions of "The European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes" (Strasbourg, 1986 ). This study was carried out with the approval of the Animal Care and Use Committee of the Palladin Institute of Biochemistry, National Academy of Sciences of Ukraine (Protocol N1 from 08/09-2015).
Insulin resistance (IR) of the model was induced by high-fat diet (HFD) containing 58% fats of the total diet for 6 months (September 2015 -March 2016). The control group received a standard pellet diet containing 4% fats. At the 24 th week, the body weight of HFD rats was 383 ± 12 g compared to 279 ± 7 g for control rats. The group of rats with obesity-induced IR was selected on the basis of the results of the oral glucose tolerance test [20] carried out after 24 weeks. The animals with the blood glucose level higher than 5 mmol/l after 150 minutes of glucose administration were selected as insulinresistant.
After 6 months of experiments, animals were decapitated under Nembutal anesthesia (dosage was 50 mg/kg of body weight) according to ethical standards and principles specified above. For further studies we collected samples of blood plasma and tissues from 7 healthy animals (control group) and 14 obese insulin-resistant rats (obese diabetic group).
activated partial prothrombin time. Activated partial thromboplastin time (APTT) was performed according to the following procedure. 0.1 ml of blood plasma was mixed with an equal volume of APTTreagent and incubated for 3 minutes at 37 °C. Then the coagulation was initiated by adding 0.1 ml of 0.025 M solution of CaCl 2 . Clotting time was monitored by the Coagulometer Solar CGL-2410 (Solar, Minsk, Belorussia).
Prothrombin time. Prothrombin time (PT) was measured by the Coagulometer Solar CGL-2410 (Belorussia). Clotting was initiated by mixing 0.1 ml of blood plasma with 0.1 ml of 0.025 M CaCl 2 and 0.1 ml of thromboplastin reagent (Renam, Moscow, Russia). Thromboplastin acts through the tissue factor pathway of coagulation and activates only carboxylated and uncleaved forms of prothrombin.
Factor X level. Factor X was activated directly in blood plasma by RVV [21] . Enzymatic activity of factor Xa was estimated with specific chromogenic substrate S2765 (Z-D-Arg-Gly-Arg-pNA). Substrate cleavage was monitored using the reader (Thermo Fisher Scientific, Waltham, USA). The analysis was performed in 0.05 M Tris-HCl buffer pH 7.4 solution, 37 °С. Chromogenic substrate concentration was 30 mM.
total prothrombin level. To determine total prothrombin level the ecamulin test was used. Ecamulin (prothrombin activator from echis multisqumatis venom) is an enzyme that activates prothrombin, descarboxy-prothrombin and prethrombin 1. So activation by ecamulin allowed us to determine total prothrombin level [22] . Thrombin generation induced by ecamulin was measured by chromogenic substrate assay using thrombin-specific S2238 (H-D-Phe-Pip-Arg-pNA) as previously described [23] .
Fibrinogen concentration. Fibrinogen concentration in the blood plasma was determined by the modified spectrophotometric method. Blood plasma (0.2 ml) and PBS (1.7 ml) were mixed in glass tubes. Coagulation was initiated by the addition of 0.1 ml of thrombin (2 NIH/ml). To avoid fibrin cross-linking 0.1 ml of 40 mM monoiodacetic acid was added to the sample. The mixture was incubated for 30 min at 37 °C. The fibrin clot was removed and redissolved in 5 ml of 1.5% acetic acid. The concentration of protein was measured using spectrophotometer Optizen POP (Mecacys, Seongnam, South Korea) at 280 nm (ε = 1.5). Protein C level. PC level was determined using the activator of PC from agkistrodon halys halys venom, as previously described [24] . The generation of activated PC was measured by chromogenic substrate assay using specific chromogenic substrate S2236 (p-Glu-Pro-Arg-pNa). The analysis was done in 0.05 M Tris-HCl buffer pH 7.4, at 37 °С. Chromogenic substrate concentration was 30 mM.
Platelet aggregation. Platelet aggregation measurements were based on changes in the turbidity of human PRP [25] . Aggregation was registered for 10 min using Aggregometer Solar AP2110 (Solar, Minsk, Belorussia). Platelet count was estimated using the same device. We measured the initial rate and final level of aggregation at 37 °C. In a typical experiment 250 μl of PRP was incubated with CaCl 2 (10 μM) activated by platelet agonist ADP (12.5 μM) at 37 °C.
histology and aortic wall thickness measurement. Histological samples of the aorta for light-microscopic examination were prepared as previously described [26] . After decapitation, the fragment of aorta was isolated and fixed in 10% neutral formalin for 24 hours. Then it was dehydrated in ethanol of increasing concentrations (70, 80, 90 and 96%) and the aortic fragment was embedded in paraffin. Sections of tissues 5 μm thick were made on a microtome. The samples were stained by hematoxylin and eosin according to Ehrlich and by Mason-Goldner trichrome staining and studied by microscopy. Stained histological samples were studied using Olympus BX51 microscope (Olympus, Tokyo, Japan).
Aortic wall thickness was measured using morphometric program Image J (National Institutes of Health, Maryland, USA).
Statistics. Statistical data analysis was performed using the Mann-Whitney U test for independent groups in Microsoft Excel (Microsoft, Redmond, USA). All assays were replicated thrice. Results are presented as means ± standard deviation. Data were considered significant when P < 0.05.
results and discussion
Detection of obesity and insulin resistance in experimental groups of animals. Body weight and fasting blood glucose level of experimental animals were measured every month during HFD. The dynamics of the weight growth of the rats demonstrated a statistically significant difference between control and HFD groups at 2 months after the study began. Average monthly weight gains were 16% and 31% of output indicators for rats in the control group and HFD group respectively. Impairment of glucose tolerance was observed in 89% of obese rats. This animal model of obesityinduced IR was thoroughly investigated in earlier studies and it was confirmed by the homeostatic model assessment (HOMA-IR) that IR strongly correlated with impaired glucose tolerance [27] . In our experiment the average blood glucose level at the end of testing was 6.67 ± 0.185 in HFD rats compared to 4.46 ± 0.106 in control rats.
As it has been shown before [28] , the development of type 2 diabetes in the metabolic animal model is accompanied by low-grade inflammation which is characterized by increased TNFα accumulation as well as lipid imbalance, in particular in blood. These changes could be assumed as risk factors for atherosclerosis development.
haemostasis parameters. Obesity and IR were shown for the experimental groups of animals. Both these conditions are important risk factors for cardiovascular complications and changes in haemostasis that could lead to atherosclerosis with subsequent thrombosis. Thus, our next goal was to characterize the haemostasis system of rats with obesity-induced IR. To achieve this goal we performed a number of tests that allowed us to determine the overall procoagulant potential and then estimate the levels of individual coagulation factors, platelet reactivity, anticoagulant system and fibrinolysis involvement.
Basic coagulation tests. Basic coagulation tests were performed for initial characterization of intrinsic and extrinsic pathways of the coagulation system [29] and for detection of overall procoagulant potential of haemostasis [30] . Normally, determination of these parameters is insufficient to characterize the haemostasis system and several additional tests are needed [31] . However, we were able to detect obvious differences in PT and APTT of control rats and obese IR rats. Fig. 1 , a demonstrates the tendency for the shortening of blood coagulation time in the PT test. The time of clotting initiated by thromboplastin is shortened. In other words, the prothrombin index (PI, often calculated in clinics) of obese diabetic rats decreased to 81 ± 19% [32] . APTT of obese diabetic rats is shortened more clearly (Fig. 1, B) .
In general, more than 50% of obese IR animals possessed increased coagulability of blood plasma detected using the basic coagulation tests APTT and PT. Such results are considered evidence of coagulation dysfunction but the origin of this has to be studied more precisely [33] . Nonetheless, the observed shortening in coagulation time in APTT and PT tests indicates the pre-activation of clotting and the risk of intravascular thrombus formation in obese insulin-resistant rats.
Individual coagulation factor levels. Blood coagulation cascade initiated by the intrinsic or extrinsic mechanism results in three main reactions: activation of factor X by tenase complex with generation of active factor Xa; the latter being part of the prothrombinase complex that is then able to activate prothrombin with the generation of thrombin; thrombin then converts fibrinogen to fibrin that is able to polymerize and to form a polymeric networklike core of a thrombus [34] . Thus, we determined the levels of factor X, prothrombin and fibrinogen in blood plasma of control rats and obese diabetic rats.
Fig. 1. Clotting time of blood plasma of control rats and obese insulin-resistant rats in basic coagulation tests.

A. Pt -prothrombin time. In this test blood clotting is initiated by thromboplastin (tF). It characterizes the extrinsic pathway of the coagulation system. B. aPtt -activated partial thromboplastin time. this test primarily demonstrates the coagulant ability of the intrinsic pathway of the blood coagulation cascade (p = 0.034 according to Mann-Whitney U Test). IR, insulin resistance. *Statistically significant difference of means compared to control group, P < 0.05
Surprisingly enough no statistically significant differences in these parameters were observed between studied groups (Fig. 2) . However, as it can be seen by deviations of the parameters, the imbalance of the coagulation factor levels in blood plasma of obese insulin-resistant animals was obvious. In particular, 30% of studied obese insulin-resistant animals had decreased factor X level and 40% had decreased level of prothrombin. Fibrinogen concentration was slightly increased (up to 3 mg/ml) in 37% of animals. In the control group of rats it was not higher then 2.25 mg/ml. The increasing fibrinogen concentration could be a consequence of low-grade inflammation [35] . The increase of the concentration of fibrinogen along with a tendency for accumulation of the main proenzymes of the blood coagulation system was indicated as an additional factor for the threat of intravascular clotting.
anticoagulant system. PC is the major anticoagulant proenzyme of the coagulation system. Being activated by the thrombin-thrombomodulin
Fig. 2. Level of crucial coagulation factors in blood plasma of control rats and obese insulin-resistant rats.
A. the level of total factor X was measured using non-physiological activating enzyme from the venom of Daboia russellii (RVV) and factor Xa-specific chromogenic peptide substrate S2765 (Z-D-Arg-Gly-Arg-pNA).
B. the total prothrombin level was measured using non-physiological activating enzyme from the venom of Echis multisquamatis (ecamulin) and thrombin-specific chromogenic peptide substrate S2238 (D-Phe-Piparg-pNa). C. The concentration of fibrinogen in blood plasma of control rats and obese diabetic rats, determined using modified spectrofluorometric method using thrombin-like enzyme from the venom of Agkistrodon halys halys
Control rats histology: wall thickening and integrity changes of aorta. Thickening of the aortic wall is known as an important factor of atherogenesis in humans [40, 41] . The increased thickness of the aortic wall is a signal of developing atherosclerosis and the risk of intravascular coagulation [42, 43] . It is reported that intima-media thickness correlates significantly with coronary atherosclerosis [44] .
As for rat models, modeled chronic hypertension provoked the thickening of rat aorta up to 15% [45] . The aorta of spontaneously hypertensive rats [36] . So the decrease of PC level observed in blood plasma of obese IR rats most likely was the consequence of continual consumption of this enzyme caused by sporadic thrombin generation or low-grade inflammation.
And a drop in the PC level in blood plasma of obese IR rats was indeed observed (Fig. 3) . All studied animals had decreased level of PC in blood plasma, in 2/3 of obese IR rats the level of PC decreased below 70%, thus showing its overuse [37] . Taking into consideration the results of PT and APTT tests we can speculate that PC in blood plasma of obese diabetic rats was expended in order to compensate the pre-activation of the blood coagulation system. On the other hand, the decrease of PC level as the consequence of inflammation corresponds to the data showing increased fibrinogen level.
Platelet reactivity. Platelets are another hypersensitive component of haemostasis. The count and functional state of platelets can be altered in different pathologies [38] . In our studies we observed a prominent increase in platelet count (thrombocytosis) and the rate of platelet aggregation (Fig. 4) in the group of obese IR rats. Both these changes indicate the increased pro-coagulant potential of the haemostasis system and the risk of intravascular clotting. The increased platelet count is also evidence of chronic inflammation [39] . can be further thickened under the action of other chemical or biological agents [46, 47] . Thus, we did not expect prominent thickening of the aorta in the developed model of obese IR rats. However, calculation of the series of sections demonstrated the clear tendency for the thickening of the aorta in the group of obese IR rats compared to the group of control rats (Fig. 5) .
The weak significance of these results could be explained by the small number of samples and the limitations of methods that we used. However, analysis of individual sections allowed us to identify the obvious signs of the disruptions in the aorta of obese IR rats (Fig. 6) .
As shown on Fig. 6 , endothelial cells form a monolayer in control samples of aorta. In the middle shell, the homogeneous and fibrous layers of the mixed membranes adhered closely to the windowlike elastic membranes. Also no changes were detected in the outer shell (Fig. 6, a-B, e-F) .
In the same time, in the aorta of diabetic rats several changes in the integrity of the endothelial lining, swelling and detachment of endothelial cells were identified (Fig. 6, C-D, g-h) . We also noted edema of the subendothelial layer and a disruption of the middle shell integrity. An increasing distance between the layers of window-like membranes indicated the edema development as well.
Thus, diet-induced obesity led to alterations in haemostasis and aorta morphology. In particular we demonstrated the increased coagulability and platelet over-reactivity in blood samples of obese insulinresistant rats. Decreased level of PC along with the tendency for increased fibrinogen concentration in blood plasma of obese IR rats was a consequence of instant low-grade inflammation and moderate thrombin-generation. The tendency for thickening of the aorta of obese insulin-resistant rats was also detected. Along with the demonstrated activation of the blood coagulation system, changes in the aorta wall could be a risk factor for the development of cardiovascular complications in obese IR animals. This work was partially supported by the research grant for young scientists of the National Academy of Sciences of Ukraine "Neurodegenerative, inflammatory and thrombogenic process at atherosclerosis in vivo" -0177U003559.
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